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Abstract 9 

Intensified double diffusive mixing may attenuate changes in ocean temperature and 10 

salinity patterns from global-warming induced increases in the Earth’s hydrological 11 

cycle.  Data from a subtropical trans-Indian Ocean survey occupied in 1987, 1995, 2002, 12 

and 2009 are used to illustrate these temperature-salinity changes and to estimate the 13 

intensification of double diffusive mixing driven by them.  Increasingly fresher Antarctic 14 

Intermediate Water together with saltier subtropical waters will tend to increase 15 

destabilizing vertical salinity stratification compared to the stabilizing temperature 16 

stratification.  Destabilization will increase salinity (and temperature) fluxes through 17 

double-diffusive salt fingering.  These fluxes may act to reduce widely recognized 18 

climate change fingerprints, potentially leading to underestimates of ocean changes in 19 

climate studies that do not account for double-diffusive mixing. 20 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1. Introduction 24 

Models of global warming suggest that the hydrological cycle is increasing as the 25 

atmosphere warms and is able to hold and carry more moisture, and indicate that these 26 

changes in precipitation and evaporation should be large enough to be detectable in the 27 

latter 20th century [Held and Soden, 2006].  Evaporation dominates over precipitation in 28 

the subtropical oceans, leading to salty surface conditions there, but precipitation exceeds 29 

evaporation in the subpolar regions, leading to fresher surface conditions there [Béranger 30 

et al., 1999].  An increase in the hydrological cycle should lead to even saltier subtropical 31 

and fresher subpolar surface waters. 32 

Since water in the ocean moves primarily along levels of constant potential 33 

density, σθ, these warmer and saltier subtropical waters overlie colder and fresher 34 

subpolar waters throughout much of the mid-latitudes, with the vertical temperature 35 

gradient acting to stabilize the water column and the vertical salinity gradient partially 36 

destabilizing it.  This portion of the water column contains the Central Water [Schmitt, 37 

1981].  The potential temperature–salinity (θ–S) relationship there is not linear, having a 38 

characteristic curve that is shaped by mixing associated with a double-diffusive 39 

instability called salt fingering [Schmitt, 1981].  This curve tends towards constant 40 

density ratio, Rρ = -α∂zT/β∂zS, where α is the thermal expansion coefficient, β the haline 41 

contraction coefficient, T temperature, and S salinity.  When Rρ < 2, the larger molecular 42 

diffusivity of salinity relative to temperature results in salt fingering [Schmitt, 1981].  The 43 

closer Rρ approaches to 1, the stronger the mixing, and the stronger the diffusion of salt, 44 

and to a lesser extent, temperature [St. Laurent and Schmitt, 1999].   45 



  3 

 Cooling and freshening of subpolar waters on isopycnals and warming and 46 

salinification of subtropical waters over the last several decades has been reported in the 47 

Atlantic [Curry et al., 2003], Pacific [Wong et al., 1999], and South Indian [Bindoff and 48 

McDougall, 2000] Oceans.  In some locations, including the South Indian Ocean, these 49 

changes may not be monotonic in parts of the water column [Bryden et al., 2003].  50 

Nonetheless, here we explore the hypothesis that changes in these water masses below 51 

and above the Central Water tend to increase the destabilizing vertical salinity gradient 52 

within the Central Water, increasing the propensity for salt fingering, and hence salinity 53 

and temperature fluxes, and that these increased fluxes may act to moderate the changes 54 

in interior ocean water property signatures imparted at the surface. 55 

2. Data and Methods 56 

We analyze data along a trans-Indian Ocean section from Africa to Australia 57 

sampled nominally along 32°S (Figure 1A).  This section has been occupied fully three 58 

times using Conductivity-Temperature-Depth, or CTD, instruments that provide accurate 59 

and continuous vertical profiles of T and S at 2-dbar pressure (P) intervals: in Nov. – Dec. 60 

1987 [Toole and Warren, 1993], Mar. – Apr. 2002 [McDonough et al., 2008], and Mar. – 61 

May 2009.  A western portion was occupied in Jun. – Jul. 1995 [Donohue and Toole, 62 

2003] and an eastern portion in Mar. – Apr. 1995 [Talley and Baringer, 1997]. 63 

The T and S profiles are vertically low-pass filtered with a 39-point Hanning 64 

filter.  Values of θ, σθ and Turner angle, (Tu), a measure of water column stability related 65 

to Rρ [Ruddick, 1983], are all calculated from the filtered T and S data on the 2-dbar P 66 

grid.  Rρ is intuitive but also highly non-linear; therefore we work with Tu and convert to 67 

Rρ for purposes of discussion and display.  For this analysis, these quantities are then all 68 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put on a regular grids for all sections, both pressure-longitude, and potential density 69 

anomaly-longitude, using linear interpolation. 70 

Argo data used here, downloaded in February 2009, also consist of profiles of T 71 

and S versus P.  Some profiles have crude automated real-time quality control applied, 72 

and some are more refined delayed mode quality controlled data.  Only data of either 73 

quality control level labeled as “good” are used.  Over 445,000 profiles are analyzed 74 

globally.  About 500 of those are from as early as the year 1999, growing steadily in 75 

number with time to over 100,000 in 2008. 76 

Mixed layer conditions are estimated from surface values (values from the sample 77 

closest to 10 dbar, but always between 4 and 25 dbar) of S, θ, and σθ from each profile.  78 

Mixed layer P, Pml, is estimated as the pressure at which the linearly interpolated σθ of 79 

the profile is 0.03 kg m-3 greater than the surface value, discarding values interpolated 80 

over too large an interval.  These quantities are mapped on a 1° × 1° grid at monthly 81 

intervals using a 3-dimensional loess filter with a 500-km meridonal scale, a 1000-km 82 

zonal scale, and a 2-month time scale (disregarding year), discarding extreme outliers. 83 

Similarly, θ, S, and P are interpolated to a fixed set of σθ levels for each profile, 84 

again discarding data interpolated over too large pressure intervals and extreme outliers.  85 

Retained data for each of the three parameters are mapped at each density level to a 1° × 86 

1° grid using a 2-D loess spatial filter (same length scales as above). 87 

3. Results 88 

The South Indian Ocean Central Water has very homogenous θ and S 89 

distributions on σθ horizons as typified by S on σθ = 26.75 kg m-3, which forms a 90 

homogenous pool between about 35°S and 15°S (Figure 1A), bracketed by fresh 91 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influences of the Indonesian Throughflow to the north and the sub-Antarctic regions to 92 

the south.  Fresher Antarctic Intermediate Water (AAIW, σθ ~ 27.2 kg m-3) spreads 93 

northward, overlain by the much saltier subtropical waters (σθ  < 26 kg m-3) with the 94 

strong destabilizing vertical salinity gradient characteristic of the Central Water in 95 

between these two contrasting water masses (Figure 1B).  The South Indian Ocean Sub-96 

Antarctic Mode Water [Wong, 2005] sits within the Central Water, as evinced by the very 97 

thick layer of relatively uniform density around σθ = 26.75 kg m-3 that spreads 98 

northwestward from its origin along the winter outcrop of that isopycnal (Figure 1C). 99 

The repeat trans-Indian Ocean sections along 32°S analyzed here afford excellent 100 

sampling of the southern portions of the South Indian Ocean Central Water.  Rρ in the 101 

upper Indian Ocean along 32°S (Figure 2A) has a local vertical minimum within the 102 

Central Water, weaker and deeper in the west (Rρ ~ 2.3 near 600 dbar in 1987) and 103 

stronger and shallower in the east (Rρ ~ 1.5 around 300 dbar in 1987).  These low values 104 

in the east indicate conditions conducive to vigorous salt fingering [Schmitt, 1981] and, 105 

consequently, high vertical diffusivity [St. Laurent and Schmitt, 1999].  The Central 106 

Water is roughly bounded by 26.3 < σθ < 27.1 kg m-3, where Rρ is relatively low (Figure 107 

2A). 108 

The differences of a longitude-pressure section of Rρ in 1987 and any of those 109 

from any of the subsequent full or partial sections, for example 2009 – 1987 (Figure 2B) 110 

suggests that the Rρ minimum has either intensified or deepened, and sometimes both, 111 

since 1987.  Below its minimum and sometimes within it in the west, Rρ generally 112 

decreases, with declines of around 0.2 or more typical near 800 dbar in the west and 700 113 

dbar in the east.  Above the minimum, and sometimes within it in the east, some 114 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increases of a similar magnitude are evident in the 2009 Rρ field (and those from other 115 

years) when compared with the 1987 values. 116 

The longitudinal variation in Rρ, as well as the availability of 1995 data only at the 117 

eastern and western ends of the 32°S section, prompt analyzing the section in three 118 

sectors: western (Africa–50°E), central (50°E–80°E), and eastern (80°E–Australia).  119 

Furthermore, since water in the ocean moves primarily along σθ, quantities discussed are 120 

averaged on σθ rather than P surfaces within each of these sectors of the section. 121 

All three sectors display classic Central Water characteristics, with warm salty 122 

water overlying colder fresher water (Figure 3A–C).  For σθ ~ 26.7 kg m-3 the θ–S curves 123 

come closest to paralleling isopycnals, indicating that the vertical salinity gradient there 124 

is most strongly destabilizing relative to the vertical temperature gradient, resulting in a 125 

Rρ minimum.  The shapes of the curves change subtly near the cold fresh AAIW end, 126 

with the denser portions of the θ–S curves becoming colder and fresher on isopycnals 127 

with time in all of the sectors. 128 

The 2002 section also appears to be warmer and saltier on isopycnals in the upper 129 

portion of the water column relative to the other sections, except in the eastern sector, 130 

where the upper ocean data in 1987 are warmest and saltiest.  However, in the eastern 131 

sector the section latitudes differ by as much as a few degrees among the individual 132 

years.  The 1987 section follows the most northerly route, closest to warm, salty 133 

subtropical influences, so some of the differences in the eastern sector may be spatial, and 134 

not temporal. 135 

Rρ is a sensitive indicator of changes in the θ–S relations, being constructed from 136 

vertical derivatives, (Figure 3D–F).  The Rρ minimum is least extreme in the western 137 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sector, with values just below 2.0, suggesting only marginal propensity towards salt 138 

fingering and consequent elevated mixing [Schmitt, 1981; St. Laurent and Schmitt, 1999]. 139 

However, the Rρ minimum in the western sector moves towards generally denser 140 

horizons and strengthens slightly from 1987 at least through 2002, suggesting the 141 

possibility of more mixing with time there, albeit with a partial return to a weaker 142 

minimum in 2009.  In the central sector, the Rρ minimum is stronger than in the west, 143 

near 1.6, suggesting stronger salt fingering activity.  It moves to denser horizons from 144 

1987 to 2002 in the central sector, staying roughly fixed between 2002 and 2009.  In the 145 

eastern sector, the Rρ minimum is strongest, approaching 1.5 on average, with no 146 

consistent pattern of change in either strength or isopycnal level among the 4 occupations 147 

of the section.  This very low Rρ minimum suggests quite strong salt fingering and 148 

elevated mixing in the eastern sector Central Water. 149 

4. Discussion 150 

One possible interpretation of these patterns is that in the east where salt fingering 151 

is strong in all years, changes in the θ–S properties of the Central Water may be rapidly 152 

moderated by strong vertical mixing, keeping the θ–S curves (and hence the associated 153 

values of Rρ) relatively invariant in time.  In the central region, where salt fingering 154 

activity is weaker but still present, the cooling and freshening of the AAIW with time has 155 

moved the Rρ minimum to denser horizons, but not strengthened it, so moderate mixing is 156 

working its way down toward the freshening and cooling AAIW.  In the western region, 157 

where the Rρ minimum is weakest, the changing AAIW has not only moved the Rρ 158 

minimum to denser horizons, but also shifted that portion of the water column towards 159 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lower Rρ values and more salt fingering activity since 1987, potentially moving towards 160 

moderation of the upper reaches of the AAIW changes. 161 

The effects of these Rρ patterns and changes on mixing can be estimated by 162 

applying a diffusivity parameterization following Johnson [2006] to the data from each 163 

section to estimate vertical salt and temperature fluxes, and from those fluxes find 164 

tendencies, on density surfaces (Figure 4).  These tendency estimates are noisy, but sector 165 

average patterns are still clear.  In the western sector, the Rρ minima are too high in 1987 166 

to effect any mixing over background levels; there is a slight tendency for salinification 167 

(and heating) for densities greater than the Rρ minimum post-1987 and a slight tendency 168 

for freshening (and cooling) for densities less than the Rρ minimum post-1987.  In the 169 

central sector the tendency towards salinification and warming for densities greater than 170 

the Rρ minimum and towards freshening and cooling at lighter densities is stronger.  In 171 

the eastern sector the pattern is even stronger.  These tendencies are highest on the edges 172 

of the Sub-Antarctic Mode Water, where property curvatures are elevated.  Higher 173 

tendencies for σθ < 26.5 kg m-3 in the eastern and central sections are associated with the 174 

seasonal thermocline, and will not be discussed further here. 175 

In the eastern sector the S and θ tendencies estimated within the Central Water 176 

can exceed ± 0.02 PSS-78 yr-1 and 0.1°C yr-1.  They roughly cancel in their contributions 177 

to vertical density flux.  These tendencies are on the order of rates of previously reported 178 

decadal changes in S and θ on isopycnals in the region [Bindoff and McDougall, 2000; 179 

Bryden et al., 2003].  This result opens the possibility that salt-fingering driven vertical 180 

mixing could moderate such climate signals, especially if freshening of subpolar waters 181 

and salinification of subtropical waters over time act to decrease Rρ further. 182 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Interior changes in ocean properties such as θ and S can be useful in diagnosing 183 

climate changes at the ocean surface [Bindoff and McDougall, 1994] and are robust 184 

fingerprints of such global climate change in models [Banks et al., 2000].  Ocean changes 185 

of salinity within isopycnal layers of the past few decades have been used to estimate the 186 

size of decadal increases in the hydrological cycle over the ocean [Helm et al., 2009].  If 187 

these increases in the hydrological cycle increase the destabilizing salinity gradient and 188 

hence vertical mixing, as illustrated here, elevated vertical salt and temperature fluxes, as 189 

estimated here, may be of sufficient magnitude to moderate this climate signature 190 

imparted at the ocean surface as it travels into the interior by transferring increasing 191 

amounts of heat and salt downward across isopycnals, making layers that were cooled 192 

and freshened at the surface warmer and saltier in the interior, and vice versa.  Hence, 193 

accounting for diapycnal processes like increased mixing owing to salt fingering in 194 

climate change studies could improve their diagnostic skill. 195 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 248 

Figure 1.  (A)  Salinity (S) map on potential 250 

isopycnal σθ = 26.75 kg m-3 from Argo data color 252 

contoured at 0.1 PSS-78 intervals (top color bar) 254 

with locations of 2009 trans-Indian Ocean section 256 

(black line), Figure 1B meridional transect (dashed 258 

line), and this isopycnal in winter (grey line).  (B) 260 

Latitude-σθ section of S contoured at 0.1 PSS-78 262 

intervals (top color bar) along 90°E with values 264 

lighter than wintertime surface densities masked and 266 

σθ = 26.75 kg m-3 (white line) used in Figure 1A 268 

indicated.  (C) Map of thickness of the layer 26.7 < 270 

σθ < 26.8 kg m-3 from Argo data color contoured at 272 

50 dbar intervals (bottom color bar). 274 

276 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 277 

Figure 2. (A) Longitude-pressure section of density ratio (Rρ) estimated from data from 278 

the 1987 occupation of a trans-Indian Ocean section along nominal latitude 32°S (see 279 

Figure 1A for location).   Potential isopycnals σθ = 26.3 and 27.1 kg m-3 approximately 280 

boundomg the Central Water are indicated by black contours.  (B) Section of 2009 – 281 

1987 difference of density ratio (ΔRρ) with these same isopycnals, but for 2009, indicated 282 

by black contours. 283 

284 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 284 

Figure 3.  (A, B, C): Potential temperature – salinity (θ–S) curves averaged on potential 285 

density (σθ) surfaces over three longitude ranges with σθ = 26.3 and 27.1 kg m-3 indicated 286 

by dashed lines.  Data from the three complete and one partial modern occupations of the 287 

trans-Indian Ocean section nominally along 32°S are used.  Line colors differentiate 288 

years (legend). (D, E, F): Analogous averages of Rρ on σθ surfaces.  Longitude ranges 289 

span western (Africa–50°E; A, D), central (50°E–80°E; B, E), and eastern (80°E–290 

Australia; C, F) sectors of the section. 291 

292 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 292 

Figure 4. (A, B, C):  Average vertical salinity tendencies (PSS-78 yr-1) on σθ horizons 293 

estimated by applying a diffusivity parameterization to data from the three complete and 294 

one partial modern occupations of a trans-Indian Ocean section nominally along 32°S.  295 

Line colors differentiate years (legend).  (D, E, F): Analogous averages of vertical 296 

potential temperature tendencies (°C yr-1).  Longitude ranges span the western (Africa–297 

50°E; A, D), central (50°E–80°E; B, E), and eastern (80°E–Australia; C, F) sectors of the 298 

section. 299 


